Introduction {#sec1}
============

Spinal cord injury (SCI) is caused by direct mechanical damage to the spinal cord that induces neural cells apoptosis and demyelination of axons resulting in severe neurological functional disability that affects sensory function and mobility \[[@B1]\]. Therefore, most studies have focused on treatments to promote neural regeneration or to replace lost neurons and neural cells \[[@B2],[@B3]\].

Neural stem cells (NSCs) are capable of generating all three major central nervous system lineages (neurons, oligodendrocytes, and astrocytes) and seem to contribute to their self-repair after a SCI by replacing lost neural cells and trophic support \[[@B4],[@B5]\]. Moreover, a spinal cord injury induces the activation of the endogenous NSCs and leads to the robust expansion of these cells \[[@B6],[@B7]\]. However, the effect of this spontaneous repair is inadequate because of limited oligodendroglial differentiation and the fact that a majority of the cells differentiate into astrocytes, which contributes to glial scar formation \[[@B8]\]. Thus, more researchers have realized that some extrinsic factors that increase or produce in a spinal cord lesion site, might be key to determining the fate of endogenous NSCs.

One particularly interesting factor is bone morphogenetic proteins (BMPs). BMPs are secreted factors, and the expression of BMPs is significantly increased in the lesion site. *In vitro* and *in vivo* studies have demonstrated that BMPs could promote the differentiation of astrocytes and inhibit oligodendroglial lineage specification in NSCs \[[@B9]\]. Therefore, further studies are starting to focus on the suppression of the expression of BMPs after SCI \[[@B13],[@B14]\]. One of the most interesting studies has focused on mesenchymal stem cells (MSCs) \[[@B15]\].

MSCs are a type of self-renewing and multipotent stem cell that was first found in bone marrow \[[@B16],[@B17]\]. Because of the ability of MSCs to be differentiated into three major neural cells, initial research has focused on transplanting MSCs in SCI animal models to replace the lost neural cells in the lesion site \[[@B18]\]. Several studies have reported improvements in neurological function \[[@B22]\]. After transplanting MSCs into an injured spinal cord, some researchers have documented inefficiency in the neuronal differentiation of MSCs and a lack of expression of neuronal markers in the lesion site \[[@B25],[@B26]\]. Moreover, Gu et al. \[[@B27]\] reported that despite a lack of expression of oligodendrocyte cell markers in an injured spinal cord lesion site, the increasing number of axons was confirmed by a transmission electron microscopic examination. These results suggest that the therapeutic effects of MSC transplantation on neurological improvement might not be achieved by replacing the lost neural cells but by providing a favorable environment for endogenous NSC regeneration and the neural differentiation of NSCs. This includes the suppression of BMP expression at the lesion site. *In vitro* and *in vivo* treatment of bone marrow stromal cells (BMSCs) could markedly reverse the effect of BMP on the differentiation of NSCs and accelerate remyelination in an SCI lesion. Although the benefit of BMSCs on NSCs has been shown in studies, the molecular mechanisms responsible for this effect on an SCI have not been fully understood.

In the present study, we reveal that a BMP signaling pathway was able to promote astroglial differentiation of NSCs by mediating the expression of Id2 and Olig1/2. The effects of BMP4 were blocked by the treatment of BMSC-conditioned media (BMSC-CM). These data support the notion that a central role of MSCs is to provide a favorable environment by reversing the effect of BMPs on the expression of Id2 and Olig1/2 genes to stimulate the oligodendroglial differentiation of NSCs.

Methods {#sec2}
=======

BMSC culture and CM preparation {#sec2-1}
-------------------------------

BMSCs were harvested from the bone marrow of femurs and tibias of 3- to 4-month-old female Fisher 344 rats. Cells were seeded at 1 × 10^6^ cells/cm^2^ and expanded in α-minimum essential medium (α-MEM, Gibco Invitrogen) supplemented with 10% fetal bovine serum (FBS). After 3 days, the medium was changed, and the non-adherent cells were removed. Adherent cells were cultured with α- MEM-10% FBS until the cells were confluent. The cells were trypsinized by using 0.25% Trypsin (Gibco Invitrogen) and seeded in α-MEM-10% FBS at 8000 cells/cm^2^. The medium was changed every 3 days, and the cells were passaged when 90% of confluence was reached \[[@B28]\].

BMSC-CM was collected as follows: passage 3 BMSCs were seeded at 12,000 cells/cm^2^ with α-MEM-10% FBS until the cells were 90% confluent. The cells were washed three times with phosphate-buffered saline (PBS), and the medium was changed to a serum-free DMEM culture medium for 48 h. CM from different flasks were collected and pooled; then the CM were concentrated by centrifugation at 4000 ***g*** for 15 min at 13°C, using 10 k-Da MW filter units (Millipore). Next, we filtered the CM using 0.22 mm filters (Millipore) and stored the CM at −80°C \[[@B29]\].

Isolation and culture of NSCs {#sec2-2}
-----------------------------

The cultures and isolation of NSCs were mainly according to the previous studies \[[@B30],[@B31]\]. NSCs were isolated from the cerebral cortex of 1- to 2-day-old newborn SD rats. The meninges were carefully removed. The brains were chopped into pieces and placed in Petri dish with ice-cold Hank's balanced salt solution (Gibco, Invitrogen). The cells were expanded as neurospheres in a proliferation medium containing DMEM/F12, with 2% B27 supplement, epidermal growth factor (20 ng/ml), and basic fibroblast growth factor (10 ng/ml) for 7 days. The cells were passaged weekly. Neurosphere cultures from 2 to 3 were used throughout the present study.

Exposure of NSCs to BMP4 or Noggin or BMSC-CM or both BMP4 and BMSC-CM {#sec2-3}
----------------------------------------------------------------------

NSCs were plated on polyornithine and laminin-coated glass coverslips at a density of 1000 cells per cm^2^ in α-MEM-5% FBS for 24 h. After 30 min, 20 ng/ml BMP4, 1 ml of BMSC-CM with 5% FBS or 20 ng/ml BMP4 with 200 ng/ml Noggin, or 1 ml of BMSC-CM with 20 ng/ml BMP4 and 5% FBS were added to the medium of the wells. The cells were co-cultured for 7 days, and the medium was replaced on the third day. The cells were fixed for 30 min with phosphate-buffered 4% paraformaldehyde (37°C, pH 7.4) and processed for immunofluorescent labeling.

Immunocytochemistry {#sec2-4}
-------------------

The cells were fixed in 4% paraformaldehyde (Sigma) in 1× PBS for 20 min, washed three times in PBS, and then blocked with 1× PBS containing 1% bovine serum albumin and 0.25% Triton X-100. The same solution was used during the incubations with the primary antibodies. The cells were incubated with antibodies overnight at 4°C. Fluorochrome-conjugated secondary antibodies were used for immunodetection. The primary antibodies were mouse antiglial fibrillary acidic protein (anti-GFAP) 1:1000 (Abcam) and rabbit anti-Galactocerebroside (anti-GalC) 1:500 (Abcam). The secondary antibodies were donkey anti-mouse conjugated with Alexa Fluor 568 1:1000 (Invitrogen); donkey anti-rabbit conjugated with Alexa Fluor 488 1:1000 (Dianova). Nuclear counterstaining was performed with 4′,6′-diamidino-2-phenylindole dihydrochloride hydrate at 0.25 μg/ml (Sigma). Coverslips were mounted onto glass slides using a Prolong Antifade kit (Invitrogen). The cells were quantified and photographed using an Olympus IX81 fluorescent microscope equipped with a Hamamatsu digital camera. For each culture condition, ten randomly selected fields were photographed, and the frequency of selected cellular markers was determined for every condition in three independent experiments.

RNA extraction and quantitative PCR {#sec2-5}
-----------------------------------

The total RNA from the cultured cells was extracted with Trizol reagent (Gibco, Life Technologies, Grand Island, NY, U.S.A.), and the total RNA was prepared according to the manufacturer's instructions. The cDNA was synthesized by using Superscript III RT Reaction Mix (Invitrogen). Quantitative PCR (qPCR) was performed in a Realplex2 Mastercycler (Eppendorf). The Gene-specific primers are listed in [Table 1](#T1){ref-type="table"}. All reactions were performed with Sybr-Green master mix (Applied Biosystems) using the following cycling parameters: 95°C, 15 s and 60°C, 60 s for 40 cycles.

###### Primer sequences

  Gene names   Forward primer          Reverse primer
  ------------ ----------------------- -----------------------
  Id-2         TTTCCTCCTACGAGCAGCAT    CCAGTTCCTTGAGCTTGG AG
  Olig-1       GCCCCACCAAGTACCTGTCTC   GGGACCAGATGCGGGAAC
  Olig-2       CACAGGAGGGACTG TGTCCT   GGTGCTGGAGGAAGATGACT
  GAPDH        ACCACAGTCCATGCCATCAC    TCCACCACCCTGTTGCTGTA

Western blot assay {#sec2-6}
------------------

After a PBS wash, the cells were extracted in cold lysis buffer (20 mM Tris HCl, 150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 2 mM EDTA, 1.0 mM sodium orthovanadate, 50 mM sodium fluoride, 200 mM phenylmethanesulfonyl fluoride, and 40 ml/ml of protease inhibitor cocktail). The proteins were separated by 12% acrylamide gel electrophoresis and transferred to a PVDF membrane. The member was blocked for 1 h in 10% skim milk at room temperature. The membranes were incubated overnight at 4°C with antibodies to Map-2 (1:2000, Abcam), GalC (1:2000, Abcam), Samd1 (1:1000, Signaling Technology, Danvers, MA, U.S.A.), and Smad5 (1:1000, Cell Signaling Technology, Danvers, MA, U.S.A.). Next, the blots were washed and incubated with a secondary antibody (Santa Cruz Biotechnology; 1:2000 in blocking solution) for 1 h at room temperature. After being washed three more times with TBS-T, the blots were developed using SuperSignal West Pico enhanced chemiluminescence reagent (Thermo Scientific).

Statistical analysis {#sec2-7}
--------------------

All the results were presented as mean ± standard error of the mean. Statistical analysis was performed using one-way analysis of variance (ANOVA), and the least significant difference method (LSD) was used for comparisons among multiple groups. Statistical analysis was performed using SPSS 16.0 software (Chicago, IL, U.S.A.). *P*\<0.05 was considered significant.

Results {#sec3}
=======

BMP4 promotes astroglial differentiation of NSCs {#sec3-1}
------------------------------------------------

To determine the effect of BMP4 on the differentiation of NSCs, we incubated NSCs for 7 days in a control medium (α-MEM-5% FBS), in 20 ng/ml BMP4, or in 20 ng/ml BMP4 with Noggin (the BMP antagonist).

Consistent with the findings of previous studies, the percentage of GalC-expressing cells decreased significantly---from 23 ± 3% to 8 ± 3%---compared with that of the control group after incubation with NSCs ([Figure 1](#F1){ref-type="fig"}A,B,E,F,U). In contrast, the percentage of GFAP-expressing cells increased from 63 ± 3% to 82 ± 6% ([Figure 1](#F1){ref-type="fig"}C,D,G,H,U).

![The proportions of GFAP^+^ and GalC^+^ cells were altered in the presence of BMP4 and reversed by Noggin or BMSC-CM\
(**A--D**) The proportions of GFAP^+^ and Galc^+^ cells in control groups (NSCs+5% FBS-α-MEM). (**E--H**) BMP4 promoted astroglial differentiation and inhibited oligodendroglial differentiation of NSCs. (**I--L**) The effect of BMP4 on the differentiation of NSCs was blocked by Noggin. (**M--P**) The GalC-expressing cells were increased, and the GFAP-expressing cells were decreased in the presence of BMSC-CM. (**Q--T**) The astroglial effect of BMP4 on NSCS was partly reversed by BMSC-CM. (**U**) Quantification of cell types in these five groups. The percentage of cells expressing GFAP. GalC was determined from 500 to 1000 cells in randomly chosen fields (one-way ANOVA for Galc expression: *F* = 79.291, *P*\<0.001, df1 (between Groups)/df2 (within groups) = 4/20, *n*=5; one-way ANOVA for GFAP expression: *F* = 121.88, *P*\<0.001, df1/df2 = 4/20, *n*=5; \**P*\<0.05; NS = *P*\>0.05). (**V**) Western blot showed the expression of GFAP and GalC in these five groups. The Western blot results were consistent with those of immunocytochemistry. The BMP4 groups had the highest expression of GFAP and the lowest expression of GalC, whereas the groups with Noggin had the lowest expression of GFAP and the highest expression of GalC (one-way ANOVA for Galc expression: *F* = 13.30, *P*=0.01, df1/df2 = 4/10, *n*=3; one-way ANOVA for GFAP expression: *F* = 14.18, *P*\<0.001, df1/df2 = 4/10, *n*=3; \**P*\<0.05; NS = *P*\>0.05).](bsr-38-bsr20180303-g1){#F1}

Next, we examined whether blocking the BMP4 with BMP-antagonist Noggin would affect the differentiation of NSCs. As expected, after the addition of Noggin to the BMP4 groups, the number of GalC-expressing cells increased (55 ± 6%) and the expression of GFAP decreased (24 ± 2%) ([Figure 1](#F1){ref-type="fig"}I--L and U).

BMP4 regulation of ID/Olig was Smad mediated {#sec3-2}
--------------------------------------------

Consistent with the findings of previous studies, BMP4 promoted astroglial differentiation by activating the Smad1/5 signaling in NSCs. To identify the molecular mechanisms of BMP on NSCs, NSCs were cultured 7 days with BMP4 alone or in the presence of Noggin, with α-MEM-5% FBS serving as a control medium. Next, we evaluated the expression of Smad1/5 and p-Smad1/5 using a Western blot. The results showed that the expression of both Smad1/5 and p-Smad1/5 was significantly increased by the treatment of BMP4 on the cultured NSCs in comparison with the results obtained using the control medium. Moreover, this BMP4 up-regulation of Smad1/5 and p-Smad1/5 was completely prevented by the addition of Noggin ([Figure 2](#F2){ref-type="fig"}).

![Smad1/5 is altered by BMP4 or BMSC-CM in NSCs\
The representative Western blot showed that the expression of Smad1/5 was up-regulated by BMP4 and blocked with the treatment of Noggin. In contrast, BMSC-CM alone could down-regulate the expression of Smad1/5, and it partly decreased the expression of Smad1/5 in the presence of BMP4. The data were expressed as mean ± SD (one-way ANOVA for Smad1 expression: *F* = 61.356, *P*\<0.001, df1/df2 = 4/10, *n*=3; one-way ANOVA for Smad5 expression: *F* = 121.289, *P*\<0.001, df1/df2 = 4/10, *n*=3; one-way ANOVA: \**P*\<0.05; NS = *P*\>0.05).](bsr-38-bsr20180303-g2){#F2}

In the next set of experiments, we assessed the expression of oligodendrogenic transcription factors Olig1 and Olig2 and the inhibitor of differentiation (Id2). These factors were thought to be important for directing the oligodendrocyte/astrocyte fate determination of NSCs. Thus, NSCs were cultured for 7 days with BMP4 in the presence or absence of Noggin, and NSCs incubated with 5% FBS-α-MEM served as a control. The expression of Olig1 and Olig2 and Id2 were evaluated by quantitative RT-PCR. NSCs incubated in BMP4 showed the highest expression of Id2. In contrast, the expression level of Olig1 and Olig2 were lowest in this group. Moreover, this effect was completely reversed by the addition of Noggin to the BMP4 group. Id2 expression declined, whereas Olig1 and Olig2 expression increased ([Figure 3](#F3){ref-type="fig"}). In sum, this suggests that the BMP4/Samd signaling pathway could direct the oligodendrocyte/astrocyte fate decision of NSCs by mediating Id/Olig gene expression.

![The effects of BMP4 or BMSC-CM were associated with changes in Id2, Olig1, and Olig2 expression\
Quantitative RT-PCR analysis of Id2, Olig1, and Olig2 expression revealed that cells treated with BMP4 showed the highest Id2 gene expression with the lowest Olig1 and Olig2 gene expression, whereas Noggin could block the effect of BMP4. It showed the lowest Id2 gene expression with the highest Olig1 and Olig2 gene expression. The cells incubated with BMSC-CM revealed a lower Id2 gene expression and a higher Olig1 and Olig2 gene expression compared with those of the control groups. BMSC-CM could partly counter the effect of BMP4 on the expression of Id2, Olig1, and Olig2 gene expression in NSCs. The relative expression of Id2, Olig1, and Olig2 was normalized to the housekeeping gene Glucose-6-phosphate dehydrogenase (G6PDH), and the data were expressed as mean ± SD (one-way ANOVA for Id2 expression: *F* = 49.562, *P*\<0.001, df1/df2 = 4/10, *n* = 3; one-way ANOVA for Olig1 expression: *F* = 96.795, *P*\<0.001, df1/df2 = 4/10, *n*=3; one-way ANOVA for Olig2 expression: *F* = 40.257, *P*\<0.001, df1/df2 = 4/10, *n*=3; one-way ANOVA: \**P*\<0.05; NS = *P*\>0.05).](bsr-38-bsr20180303-g3){#F3}

BMSC-CM could reverse the BMP-mediated effect in NSC differentiation from an astroglial to an oligodendroglial phenotype {#sec3-3}
------------------------------------------------------------------------------------------------------------------------

To examine whether BMSC-CM could reverse the astrogenic effect of BMP4, NSCs were incubated for 7 days with BMSC-CM with or without BMP4. NSCs incubated in BMSC-CM showed a higher expression of GalC and a lower expression of GFAP compared with the control groups ([Figure 1](#F1){ref-type="fig"}M--P and U). This oligodendroglial effect of BMSC-CM on NSCs was consisted with the findings of previous studies. By contrast, after exposure to BMSC-CM to NSCs in the presence of BMP4, the proportion of oligodendrocytes increased to 20 ± 5% and the percentage of astrocytes decreased to 69 ± 6% ([Figure 1](#F1){ref-type="fig"}Q--T and U).

BMSC-CM regulated Id/Olig via counter BMP/Smad signaling pathway {#sec3-4}
----------------------------------------------------------------

To investigate the molecular mechanism, we added BMSC-CM to NSCs in the presence of BMP4. Then, we first analyzed the expression of Smad1/5 and p-Smad1/5, the result showed that after the addition of BMSC-CM to BMP4 groups, the expression of Smad1/5 and p-Smad1/5 was decreased, as compared with that in BMP4 groups ([Figure 2](#F2){ref-type="fig"}). Next, we examined the expression of Id2, as well as Olig1 and Olig2 in these groups ([Figure 3](#F3){ref-type="fig"}). NSCs incubated with both BMSC-CM and BMP4 showed a lower Id2 expression and higher Olig1 and Olig2 expression compared with cells incubated with BMP4 alone.

To help define mechanisms underlying the effects of BMSC-CM on NSCs, we also examine the expression of Smad1/5, p-Smad1/5, Id2, Olig1, and Olig2 gene in the early time points (1, 6, 12, and 24 h) after exposure to BMP4 or both BMP4 and BMSC-CM. The results showed that Smad1/5 and p-Smad1/5 expression significantly increased with BMP4 treatment as early as 6 h. However, after the addition of BMSC-CM to NSCs in the presence of BMP4, only mild change in Smad1/5 expression was found, and the expression of p-Smad1/5 started to increase till 12 h after the exposure to both BMP4 and BMSC-CM. Moreover, the addition of BMSC-CM to BMP4 groups significantly reduced the expression of these proteins at 6 h and subsequent time points ([Figure 4](#F4){ref-type="fig"}A,B). The quantitative RT-PCR analysis revealed that Id2 gene expression was significantly increased with the reduction in Olig1/2 gene expression at 6 h with the treatment of BMP4. In the co-culture groups, no significant increase in Id2 expression or reduction in Olig1 and Olig2 expression was observed after 6 h of BMP4+BMSC-CM treatment (*P*\>0.05 compared with control groups). Only modest changes of these gene expressions were found after 12 h of co-culture compared with control groups (*P*\<0.05). Similarly, the effect of BMP4 on the changes of Id2, Olig1, and Olig2 gene expression was reversed by the addition of BMSC-CM at 6 h and subsequent time points.

![BMSC-CM reversed the effect of BMP4 on the mediation of the expression of Smad1/5, p-Smad1/5,Id2, Olig1, and Olig2 gene in NSCs\
(**A** and **B**) Western blot analysis showed that the expression of Smad1/5 and p-Smad1/5 was significantly increased after 6 h treatment with BMP4. The BMSC-CM treatment reduced levels of Smad1/5 and p-Smad1/5 expression in the presence of BMP4. (**C**) Expression of mRNAs for Id2, Olig1, and Olig2 was analyzed by quantitative RT-PCR with or without BMSC-CM in the presence of BMP4 for 1, 6, 12, and 24 h. The Id2 gene expression was increased and Olig1/2 was reduced by BMP4 at 6 h and subsequent time points. These changes from BMP4 treatment on NSCs were reversed by BMSC-CM (*n*=5, NS = *P*\>0.05, \**P*\<0.05, ^&^*P*\<0.05 compared with control groups, ^\#^*P*\>0.05 compared with control groups).](bsr-38-bsr20180303-g4){#F4}

The effect of BMSC-CM might not depend entirely on blocking the BMP signaling pathway {#sec3-5}
-------------------------------------------------------------------------------------

During the present study, we also had an interesting finding. As the BMP/Smad signaling pathway played a key role in the regulation of the balance of Id2 and Olig1/2, BMSC-CM could regulate the balance through the BMP/Smad pathway. Theoretically, BMSC-CM might not exert its effect on NSCs if we completely blocked the BMP pathway. So, we used Noggin to block the BMP signaling pathway completely in control, BMP4, and BMSC-CM groups. Then, we investigated the expression of Id2 and Olig1/2 in these groups. The effectiveness of Noggin in blocking the BMP pathway was confirmed by examining the expression of Smad1 and Smad5 by a Western blot. This showed, for the most part, a reduction in the expression level of Smad1 and Smad5 in these three groups ([Figure 5](#F5){ref-type="fig"}A). The analysis showed that the expression of Id2 and Olg1/2 was no different in the control and BMP4 groups. However, the BMSC-CM groups showed a lower expression of Id2 but a higher Olig1 and Olig2 expression compared with that of control and BMP4 groups ([Figure 5B--D](#F5){ref-type="fig"}). This result revealed that although the BMP/Smad was completely blocked, the BMSC-CM could still have an effect on NSCs via other pathway. This indicates that the BMP/Smad pathway might not be the only pathway through which BMSC-CM mediate the Id and Olig balance of NSCs.

![NSCs were incubated in 5% FBS-α-MEM, BMP4 or BMSC-CM--all in the presence of Noggin\
(**A**) Western blot analysis showed that the expression of Smad1/5 was significantly reduced by the addition of Noggin in these three groups. No statistical difference was found among these three groups (one-way ANOVA for Smad1/5 expression: *F* = 1.143, *P*=0.351, df1/df2 = 2/12, *n*=5. Control + Noggin vs BMSC-CM + Noggin: *P*=0.630; Control + Noggin vs BMP + Noggin: *P*=0.342; BMSC-CM + Noggin vs BMP + Noggin: *P*=0.163). (**B**) Quantitative RT-PCR analysis of Id2, Olig1, and Olig2 expression revealed that although the BMP/Smad pathway was completely blocked by Noggin, the expression of Id2, Olig1, and Olgi2 gene expression was still changed by BMSC-CM. No statistical difference was found between the Control and the BMP4 groups (one-way ANOVA for Id2 expression: *F* = 29.158, *P*\<0.001, df1/df2 = 2/12, *n*=5; one-way ANOVA for Olig1 expression: *F*=8.972, *P*=0.04, df1/df2 = 2/12, *n*=5; one-way ANOVA for Olig2 expression: *F* = 9.623, *P*=0.03, df1/df2 = 2/12, *n*=5; one-way ANOVA: \**P*\<0.05; NS = *P*\>0.05).](bsr-38-bsr20180303-g5){#F5}

Discussion {#sec4}
==========

The present study demonstrates that BMPs enhance astroglial differentiation of NSCs by up-regulating Id2 expression and down-regulating Olig1/2 expression. BMSCs can reverse this effect of BMPs on NSCs and promote differentiation from an astroglial to an oligodendroglial phenotype. BMSCs exert this effect on NSCs by mediation of Id2, Olig1/2 gene expression via partly blocking the BMP/Smad signaling pathway.

The differentiating fate of NSCs plays a key role in neurological improvement after a spinal cord injury. Oligodendrocytes are essential for remyelination and axonal regeneration, which are important for the restoration of spinal cord circuitry. In contrast, the increase in astrocytes in the spinal cord lesion site was closely associated with the formation of a scar, which is considered detrimental to the recovery of axon and neurological improvement. Thus, the mediation of the glial balance of NSCs is very important for the treatment of a spinal cord injury.

Olig1 and Olig2 are Class B basic-Helix--Loop--Helix (bHLH) transcription factors that are critical for oligodendrogenesis \[[@B32],[@B33]\]. In Olig1/Olig2 double-knockdown mice, a complete failure of oligodendrocyte development was shown in all areas of the brain, while a significant increase in astrocytes was found in the spinal cord \[[@B32]\]. Hwang et al. transplanted Olig2-NSCs into a contused spinal cord lesion site, compared with the group that received only NSC transplantation, this group achieved a better result with regard to locomotor recovery. More important, myelin sheath was observed. This was probably induced by the differentiation of NSCs into the oligodendrocytes \[[@B34]\]. Id2, which also belongs to the bHLH family of transcriptional factors, was involved in the oligodendrocyte/astrocyte fate decision of the NSCs as well \[[@B35],[@B36]\]. Previous studies have shown that the up-regulation of Id2 could promote NSC differentiation from an astroglial to an oligodendroglial phenotype. Moreover, Id2 could directly sequester oligodendrogenic transcription factors Olig1 and Olig2, resulting in an increase in astrocytes and a reduction in oligodendrocytes \[[@B37]\]. Thus, the balance between the Olig1/2 and Id2 expression plays a crucial role in the oligodendrocyte/astrocyte fate decision of NSCs.

Our data were consistent with these studies \[[@B38]\]. The increase in the expression of Id2 could reduce the expression of Olig1/2 and promote NSC differentiation in astrocytes. In contrast, the reduction in Id2 expression induced the increase in Olig1 and Olig2, with the result that the differentiation of NSCs changed from an astroglial to an oligodendroglial phenotype.

After a spinal cord injury, BMPs are members of the transforming growth factor-b superfamily of pleiotropic growth factors and are up-regulated in the lesion site, inducing a massive endogenous NSCs differentiation into astrocytes. This, in turn, results in the formation of a glial scar and the failure of remyelination \[[@B42],[@B43]\]. BMPs acquire their activity by binding to Type I and II BMP receptors to form a heterotetrameric complex. The signaling then phosphorylates the Smad proteins and forms complexes with the common mediator Smads, and this directly or indirectly regulates gene transcription, including that of Id genes \[[@B44],[@B45]\]. Human renal proximal tubule epithelial cells use siRNAs to silence Smad expression. The results showed that BMP up-regulation of Id2 was significantly abolished by the Smad protein knockdown \[[@B46]\]. Thus, BMPs have been found to mediate the expression of Id genes in several cell types \[[@B47]\].

In sum, BMPs could regulate Id2 genes through Smad proteins. In our study, we found that both the Id2 level and the Smad1/5, p-Smad1/5 expression were up-regulated by BMP4 in NSCs. Moreover, this BMP4 induction of Id2 and Smad1/5, p-Smad1/5 was completely inhibited by the treatment of Noggin. These data were consistent with those of previous studies. Thus, BMP4 mediated the expression of Id2, Olig1, and Olig2 through the up-regulation of Smad proteins

BMSCs, which are a kind of self-renewing and multipoint stem cell, are favored in many studies on spinal cord injuries because they can be rapidly expanded and easily isolated. In addition, negative reactions to autologous or allogeneic transplantation have not been reported \[[@B50]\]. Although BMSCs are capable of generating all three major central nervous system lineages *in vitro*, the neuronal differentiation of BMSCs *in vivo* is not efficient \[[@B25],[@B53],[@B54]\].

According to recent studies, grafted BMSCs could generate a favorable environment for the regeneration or the differentiation of endogenous NSCs. Previous studies have shown that the transplantation of BMSCs could reduce glial cells and induce axonal regrowth of an injured spinal cord. This positive effect might occur partly because the transplanted BMSCs might have an effect on the oligodendroglial differentiation of endogenous NSCs---promoting NSC differentiation toward oligodendrocytes and preventing NSC differentiation into astrocytes \[[@B25],[@B55]\]. Similarly, in our study, the exposure of NSCs to BMSCs resulted in an increase in GalC positive cells and a reduction in GFAP positive cells. Moreover, BMSCs could reverse the BMP4 effect on NSCs by switching the differentiation of NSCs from an astroglial to an oligodendroglial phenotype. These data support a theory that BMSCs were probably capable of providing a favorable environment for the differentiation of endogenous NSCs by reversing the effect of the BMPs that up-regulate after a spinal cord injury. In addition, our results also revealed that Smad1/5 and p-smad1/5, the down-streaming target protein of BMP4, could be inhibited by BMSC-CM. This suggests that BMSCs exert their effect on NSCs by inhibiting the BMP/Smad signaling pathway.

At the molecular mechanism level, we first investigated the expression of Smad1/5 and p-Smad1/5, the down-streaming target protein of BMP4. The result showed that the expression of both Smad1/5 and p-Smad1/5 was up-regulated by the treatment of BMP4, and this up-regulation could be inhibited by the addition of BMSC-CM. This result was consistent with previous findings. Fang et al. suggested that BMSC-CM could decrease the generation of astrocytes with the increasing of neurons via inhibition of the BMP/Smad signaling pathway \[[@B58],[@B59]\]. Then, we examined the expression of Smad1/5 and p-Smad1/5 at early time points (1,6,12, and 24 h) after BMP4 or BMP4+BMSC-CM treatment. We found that Smad1/5 and p-Smad1/5 expression increase after 6 h BMP4 treatment. These proteins were reduced by BMSC-CM in the presence of BMP4 at 6 h and subsequent time points. It indicated that BMSC-CM could exert their effect on NSCs by inhibiting the expression of the down-streaming target protein of BMP4. We also found that after 6 h of BMSC-CM treatment in the presence of BMP4, the expression of Smad1/5 was higher compared with the control groups (*P*\<0.05, [Figure 4](#F4){ref-type="fig"}A,B). However, no significant difference of the p-Smad1/5 expression was noted between control groups and 6 h co-culture groups (*P*\>0.05, [Figure 4](#F4){ref-type="fig"}A,B). The increasing expression of p-Smad1/5 was observed till 12 h after treatment. This might because that BMSC-CM could affect the process of phosphorylation of Smad protein, resulting in the reduction in p-Smad1/5 expression (As we have mentioned before, BMPs exerted their activity by blinding to Type I and II BMP receptors and formed a heterotetrameric complex. The Smad1/5 proteins were phosphorylated via this heterotetrameric complex).

A large number of studies have reported that both BMPs and BMSCs could determine the fate decision of NSCs by the regulation of Id2 and Olig1/2 expression. For example, the up-regulation of BMP4 could increase the expression of Id2 in endothelial progenitor cells \[[@B55]\]. Similarly, Srikanth et al. revealed that BMP signaling could inhibit oligodendrogliogenesis and promote astrogliogenesis in oligodendroglioma-propagating cells, probably through the inhibition of OLIG1/2 by ID proteins \[[@B56]\]. In contrast, MSC-CM appear to reduce Id2 in proliferating NSCs and, simultaneously, to increase the proportion of Olig2 expression \[[@B57]\]. Another study found that MSC-derived factors were able to accelerate and to promote oligodendroglial differentiation. Moreover, this result was accompanied by the down-regulation of Id2 and Id4 \[[@B60]\]. Francisco et al. also revealed a similar result: an increased percentage of Olig2-expressing cells and a down-regulated Id2 mRNA expression in the 7-day MSC-CM-treated NSCs compared with control \[[@B28]\]. All these studies revealed that both BMPs and MSCs could mediate the expression of Id2 or Olig1/2, but in an opposite mechanism. BMPs could up-regulate Id2 expression with the reduction in Olig1/2 expression, while MSCs were able to down-regulate Id2 expression with the increase in Olig1/2 expression. Our results were consistent with these data. NSCs incubated with BMPs had the highest expression of Id2 and the lowest expression of Olig1 and Olig2. Incubation with BMSC-CM revealed the lowest expression of Id2 with the highest expression of Olig1 and Olig2. Additionally, after the addition of BMSC-CM to NSCs in the presence of BMP4, the Id2 gene expression was decreased and the Olig1/2 gene expression was increased compared with BMP4 groups. This result proved that the BMSC-CM exerted its effect on the mediation of Id2, Olig1, and Olig2 expression in NSCs via blocking the effect of BMP4.

The analysis of the gene expression in early time points after treatment with BMP4 alone or BMP4 and BMSC-CM showed that the BMSC-CM could inhibit the effect of BMP4 on NSCS at 6 h and subsequent time points. Moreover, the result also revealed that these gene changes were consistent with the change of p-Smad1/5 protein in the early time points. In BMP groups, both of these gene expressions and p-Smad1/5 protein expressions were altered significantly after 6 h BMP4 treatment. After the addition of BMSC-CM in co-culture groups, only modest changes of p-Smad1/5 were observed till 12-h treatment. Similarly, these gene expressions were not significant after 12-h treatment in co-culture groups. These results reflected not only that BMSC-CM could reversed the effect of BMP4 as early as 6-h treatment, but also that the expressions of Id2, Olig1, and Olig2 were directly interacting with p-Smad1/5 protein expression. In summary, all these finding indicated that BMSC-CM mediates the Id2, Olig1, and Olig2 expression via the inhabitation of Smad proteins expression.

We also had an interesting finding. To completely block the BMP-signaling pathway, we added Noggin to the control, the BMP-4, and the BMSC-CM groups. The results showed that although nearly no expression of Smad1 and Smad5 was found among these three groups, the BMSC-CM groups still had a lower Id2 expression and a higher Olig1 and Olig2 expression compared with the other two groups. The results indicate that the effect of BMSC-CM on the regulation of Id/Olig balance was not entirely dependent on the BMP/Smad signaling. It might have an effect on some other signaling pathway by which the BMSC-CM could directly moderate the differentiation determination of NSCs. For example, Zhao et al. \[[@B61]\] found that the intravenous administration of MSCs could promote hippocampal neurogenesis in mice with traumatic brain injuries by activating the Wnt/β-catenin signaling pathway, which is considered to play a key role in regulating oligodendrogenesis \[[@B62]\]. The Notch signaling pathway was shown to have a relationship with the regulation of oligodendrocyte progenitor differentiation in adult center neural systems \[[@B63]\]. Moreover, recent studies have found that the co-culture of human NSCs with human MSCs promotes the biology of human NSCs through the activation of the Notch1 pathway \[[@B64],[@B65]\]. Therefore, we thought the effect of MSCs on the fate decision of NSCs was not entirely dependent on the BMP signaling pathway. Some other pathway might also play a role in the process of regulating the differentiation of NSCs. However, this was not proved by the present study and still needs further exploration.

Conclusion {#sec5}
==========

BMSCs can promote the differentiation of NSCs into oligodendrocytes through mediating Id2 and Olig1/2 expression by blocking the BMP/Smad signaling pathway.
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bHLH

:   basic-helix--loop--helix

BMP

:   bone morphogenetic protein

BMSC

:   bone marrow stromal cell

BMSC-CM

:   BMSC-conditioned media

MSC

:   mesenchymal stem cell

NSC

:   neural stem cell

SCI

:   spinal cord injury
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